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Abstract  
 
We present a mini-review of the development and contemporary applications of diffusion-
sensitive nuclear magnetic resonance (NMR) techniques in biomedical sciences. Molecular 
diffusion is a fundamental physical phenomenon present in all biological systems. Due to the 
connection between experimentally measured diffusion metrics and the microscopic environment 
sensed by the diffusing molecules, diffusion measurements can be used for characterisation of 
molecular size, molecular binding and association, and the morphology of biological tissues. The 
emergence of magnetic resonance was instrumental to the development of biomedical 
applications of diffusion. We discuss the fundamental physical principles of diffusion NMR 
spectroscopy and diffusion MR imaging. The emphasis is placed on conceptual understanding, 
historical evolution and practical applications rather than complex technical details. 
Mathematical description of diffusion is presented to the extent that it is required for the basic 
understanding of the concepts. We present a wide range of spectroscopic and imaging 
applications of diffusion magnetic resonance, including colloidal drug delivery vehicles; protein 
association; characterisation of cell morphology; neural fibre tractography; cardiac imaging; and 
the imaging of load-bearing connective tissues. This paper is intended as an accessible 
introduction into the exciting and growing field of diffusion magnetic resonance.  
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MOLECULAR DIFFUSION AND ITS SIGNIFICANCE IN BIOMEDICINE   
 
Molecular diffusion is a physical phenomenon arising from random thermal motion of molecules 
[35]. It occurs in every state of matter − liquids, solids and gases; but here we focus specifically 
on the diffusion in liquids because of its special significance in the biomedical context. The 
molecules in a liquid are in a state of continuous translational motion − physically speaking, they 
possess a non-zero kinetic energy ("thermal energy") [69]. The pattern of this motion is 
determined by the fact that the molecules continuously interact and collide with each other. 
Because of this, their thermal motion assumes a chaotic, quasi-random character. The trajectory 
of a given molecule can be said to be represented by a random walk − a sequence of small steps 
where the direction of each step is random and uncorrelated with any previous step, as illustrated 
in Fig. 1. Diffusion is the collective, simultaneous random-walk motion of all the molecules in 
the liquid.  
 
If we were to track the positions of a subset of molecules in time, an interesting property of 
diffusion would become apparent. Consider the evolution of molecular positions along, say, the x 
axis. The root-mean-squared displacement of diffusing molecules, ΔxRMS, (i.e., the typical 
distance of the molecules from their original x positions) is proportional to the square root of 
time: ΔxRMS ~ t . This somewhat counterintuitive dependence arises because the molecules do 
not move in a single direction. Rather, they tend to spend comparable amounts of time moving to 
the left and to the right; therefore, their displacements from their original positions do not grow 
linearly with time, as they would for a straight-line motion. This property is usually expressed in 
terms of the mean-squared displacement, <Δx2> = (ΔxRMS)2, which is proportional to the time:  
 
 2 2x DtΔ =   (1) 
 
where t is the time elapsed and D is known as the diffusion coefficient. It is important to note 
that diffusion has no preferred direction: the molecules have an equal a priori probability of 
moving to the left or the right. However, as the time elapses, they tend to move further and 
further out from their original positions. In other words, the quantity that grows proportionally to 
t  is the amplitude of the spread of the molecules from their initial positions; at the same time, 
the average displacement, Δx, remains zero. This behaviour is illustrated in Fig. 2. Equation (1) 
provides the physical meaning of the diffusion coefficient D: it is a measure of how rapidly the 
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molecules "forget" their original positions. In three dimensions, the total mean-squared 
displacement is given by  
 
 2 6r DtΔ =   (2) 
 
where 2 2 2 2r x y zΔ = Δ + Δ + Δ .  
 
Molecular diffusion is ubiquitous and happens in all biological systems. Curiously, the 
phenomenon was accidentally discovered by a botanist (Robert Brown) in 1827 [14]. This 
fundamental physical process is the main mechanism by which nutrients and metabolites are 
transported in the extracellular space. Transporter-assisted diffusion is the key mechanism of the 
transport of ions and molecules across cell membranes. But diffusion can also be exploited 
artificially in order to study the organisation and dynamics of biological systems. This can be 
achieved because of the relationship between the diffusion coefficient and the hydrodynamic 
environment of the diffusing molecules. The simplest form of relationship was derived in 1905 
by Albert Einstein and is known as the Stokes-Einstein equation [24]:  
 
 
6
kTD
a
=
πη
  (3) 
 
Here, k = 1.38⋅10−23 J/K is a fundamental physical constant known as the Boltzmann constant; T 
is the absolute temperature in Kelvins; a is the hydrodynamic radius of the diffusing molecule; 
and η is the local viscosity of the media.  
 
The significance of the Stokes-Einstein equation was that it established a link between molecular 
properties (the size of the diffusing molecule), macroscopic conditions of the measurement 
(temperature and viscosity) and the experimentally measured diffusion coefficient. Equation (3)
thus provided the fundamental basis for the use of diffusion as a probe of molecular or cellular 
environment within biological samples. The idea of using diffusion for this purpose pre-dates 
nuclear magnetic resonance (NMR), and techniques other than NMR can be employed. For 
example, diffusion measurements based on radioisotope labelling have been used to study 
intracellular-extracellular transport [70,71] as well as plant physiology [30]. Diffusion 
measurements based on Fluorescence Recovery after Photobleaching (FRAP) have been vital to 
understanding of the organisation and dynamics of the cell membrane [6], the function of 
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photoreceptor cells [63] and the function of the cell nucleus [29]. However, it was the emergence 
of NMR spectroscopy that has led to particularly widespread application of diffusion 
measurements as a means of characterisation of biological systems. The key reason for this is 
that NMR diffusion measurements can be performed on whole, unmodified tissue samples, and 
they can often be performed on living organisms non-invasively. This compares favourably to 
radioisotope-based techniques, which by definition require the introduction of radioactive agents 
into the sample. It also compares favourably to FRAP, where the sample size is usually limited 
to tens or hundreds of microns and which often requires the introduction of artificial fluorescent 
labels. The principles of NMR and its use for diffusion measurements are briefly described in the 
following section.  
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DIFFUSION NMR SPECTROSCOPY  
 
As stated in the previous section, diffusion NMR spectroscopy does not require the introduction 
of artificial motion-sensitive labels into the sample. Instead, NMR uses the magnetism of atomic 
nuclei naturally present in the sample. The magnetic moments of atomic nuclei (nuclear spins) 
serve as the source of signal for the NMR detector. They also serve as naturally occurring 
diffusion-sensitive "tags": the amplitude of the detected signal can be made dependent upon the 
diffusion of molecules (and the nuclear spins resident within the molecules), as described below.  
 
The mechanics of an NMR experiment can be explained simply as follows. A key component of 
an NMR spectrometer is a magnet providing a strong (4-20 Tesla), highly uniform magnetic 
field. The vector of this magnetic field is usually denoted B0. When nuclear spins are placed in 
the magnetic field, their magnetic moments can align either parallel or anti-parallel to B0. There 
is a very slight preference for the parallel alignment, resulting in the sample acquiring a 
magnetisation vector that is also parallel to B0. Its amplitude, known as the equilibrium 
longitudinal magnetisation, is determined by the difference between the number of "parallel" and 
"anti-parallel" spins and depends on the amplitude of the magnetic field, the type of nucleus 
observed and the temperature of the sample. This difference is typically less than ~0.05%. While 
small, it is sufficient for the net magnetisation of the macroscopic sample to be detected, 
especially in the case of abundant nuclei. The nucleus of the lightest isotope of hydrogen, 1H 
("the proton nucleus") is present in the vast majority of biological molecules, including water, 
and is frequently used as the "tag" for diffusion NMR measurements.  
 
Detection of the sample magnetisation requires the use of short but powerful pulses of 
radiofrequency magnetic field (RF pulses) in order to manipulate the spins out of their 
equilibrium alignment. A 90o RF pulse rotates the  magnetic moments of the nuclei by 90o, such 
that they become aligned perpendicular to B0. This process is known as RF excitation, and the 
magnetisation of the sample in this state is known as the transverse magnetisation. Transverse 
magnetisation precesses about the direction of the applied magnetic field, B0, at the frequency  
 0 0Bω = γ   (4) 
 
The quantity γ is the magnetogyric ratio of the nucleus, and ω0 is known as the Larmor 
precession frequency. Precessing transverse magnetisation is detectable by the RF detector coil.  
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In order to sensitise the NMR signal to the motion of molecules, a spatial variation of the 
precession frequency needs to be imposed on the sample. This is achieved by means of pulsed 
magnetic field gradients, which create a linear variation of the magnetic field in the required 
direction (say z). This, in turn, causes the precession frequency to vary in the direction of the 
gradient:  
 
 ( )0B g zω = γ +   (5) 
 
where g is the amplitude of the gradient measured in units of (magnetic field)/(distance) = 
Tesla/m. The effect of a magnetic field gradient on transverse magnetisation is illustrated in Fig. 
3. In the presence of a gradient applied from left to right, the spins on the right will precess at a 
higher frequency than the spins on the left. After time δ, this will cause a phase lag Δφ between 
the spins at two different locations:  
 
 ( )2 1g z zΔφ = γ δ −   (6) 
  
Linear variation of the phase with the location corresponds to a helical pattern of magnetisation 
vectors, as illustrated in Fig. 4. Magnetic field gradient can be applied as a short pulse of 
controlled duration. This allows a very precise control of the pitch of the magnetisation helix. 
For a magnetic field gradient pulse of amplitude g and duration δ, the pitch of the helix wound 
by the gradient pulse is 2π/γgδ. It is the helical pattern of transverse magnetisation that sensitises 
the NMR signal to diffusion. Diffusion mixes up the positions and therefore the phases of 
nuclear magnetic moments. This, in turn, causes partial annihilation of the positive and negative 
elements of the helix, resulting in the attenuation of its amplitude. The diffusion coefficient can 
be determined from the attenuation of the helix amplitude.  
 
This approach was first used to develop a practical, quantitatively accurate NMR diffusion 
experiment by Stejskal and Tanner in the 1960s [78]. Their experiment, known as pulsed field 
gradient spin echo (PGSE), is illustrated in Fig. 4. Its basic NMR pulse sequence contains a 90o 
RF pulse, a 180o RF pulse and two identical magnetic field gradient pulses on either side of the 
180o RF pulse. Prior to the 90o RF pulse, the magnetisation of the sample is in the equilibrium, 
longitudinal state. The 90o RF pulse converts this into transverse magnetisation that is uniform 
everywhere in the sample; this is illustrated in Fig. 4 by the uniform comb of transverse 
magnetisation. The first gradient pulse imposes a spatial variation of the precession frequency 
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for the time δ, winding the comb into a helix of the pitch 2π/γgδ. It is convenient to introduce the 
quantity known as the diffusion wavevector q, whose amplitude has the physical meaning of the 
tightness of the magnetisation helix:  
 
 q g= γ δ   (7) 
 
The magnetisation helix is sensitive to diffusion because spatial displacement of the spins during 
the interval Δ mixes the magnetisation of different phases, causing attenuation of the amplitude 
of the helix (but preserving its pitch). Other factors being equal, tighter magnetisation helix 
(larger q) will experience greater diffusion attenuation. Greater diffusion coefficient D also leads 
to greater diffusion attenuation.  
 
Helical magnetisation is not directly detectable because the positive and negative contributions 
to the NMR signal largely cancel each other out. The magnetisation is rendered detectable with 
the aid of the 180o RF pulse and the second gradient pulse: these two pulses bring the 
magnetisation back into a uniform comb-like pattern. This process is known as refocusing of the 
magnetisation. Due to diffusive attenuation the helix undergoes during the interval Δ, the 
amplitude of the refocused comb is smaller than that of the initial comb of magnetisation. The 
diffusive attenuation of the refocused magnetisation (as well as the relative amplitude of the 
measured signal) can be shown to be [31]:   
 
 ( ) 2
0
Dt qS g e
S
−
=   (8) 
 
where t is the effective diffusion time (for the spin-echo experiment, t = Δ − δ/3). In order to 
measure the diffusion coefficient, the spin-echo experiment is repeated multiple times with 
different values of gradient amplitude g (and therefore q). When the logarithm of the spin-echo 
signal, lnS, is plotted versus the quantity tq2 = γ2g2δ2(Δ − δ/3), the plot is a straight line whose 
slope is the negative of the diffusion coefficient. This is known as the Stejskal−Tanner plot and 
illustrated in Fig. 5.  
 
The Stejskal−Tanner experiment is the foundation of contemporary diffusion NMR spectroscopy 
as well as diffusion MR imaging. Numerous modifications of the Stejskal−Tanner approach have 
been developed. These modifications can offer ways to optimise the signal-to-noise ratio, 
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enhance spectral resolution, or introduce the imaging capability. However, the basic feature of 
the Stejskal−Tanner experiment − the measurement of the diffusion coefficient based on the 
diffusive attenuation of a magnetisation helix − is present in all of these modifications. 
Stejskal−Tanner's 1965 paper is a seminal work and one of the highly-cited classics of Physical 
Chemistry: over 4,500 citations recorded in the Web of Science as of October 2013.  
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APPLICATIONS OF DIFFUSION NMR SPECTROSCOPY  
 
Applications of diffusion NMR have grown particularly rapidly since the mid-1990s, when 
robust and reliable diffusion gradient systems became commercially available. This growth was 
facilitated by the development of multidimensional Diffusion-Ordered Spectroscopy (DOSY) 
[32,57], which became the standard tool in the NMR analysis of chemically complex mixtures 
[4,79]. In this section we present a snapshot of biomedical applications of diffusion NMR 
spectroscopy. The list presented is a very small and somewhat subjective selection from this 
large and continuously growing field. Nevertheless, the author is hopeful that it is indicative of 
the range and the general scope of biomedical applications of diffusion NMR.  
 
Drug delivery vehicles. Diffusion NMR spectroscopy is a well-established tool for characterising 
how drug molecules are incorporated into, and released from, nano- or mesoscale colloidal drug 
delivery vehicles. Such vehicles can be either self-assembling (e.g. surfactant micelles or 
liposomes) or made from cross-linked polymers (polymer microspheres or nanocapsules) 
[38,44,84,86,97]. They can increase the solubility of hydrophobic drugs by encapsulating the 
drug molecule in the interior of the vehicle. They can also enhance bioavailability of the drug by 
increasing the rate of its uptake by cells and reducing the rate of drug clearance by the 
reticuloendothelial system. More importantly, colloidal vehicles functionalised with receptor-
specific antibodies can enhance the specificity of drug delivery, thereby reducing the drug's 
toxicity in non-target tissues [85].  
 
Pulsed field gradient (PFG) diffusion NMR provides a means of evaluating the state of 
association between drug molecules and colloidal drug delivery vehicles. The basic idea is that, 
for small-molecule drugs, molecules of a "free" (non-associated) drug exhibit a relatively high 
diffusion coefficient. On the other hand, molecules that are tightly associated with a colloidal 
carrier exhibit the diffusion coefficient identical to that of the colloidal particle [48,75,76]. The 
difference between the diffusion coefficients exhibited in these two extreme scenarios can be 
estimated using Eq. (3). Assuming the hydrodynamic radii of 5 Å and 50 nm for the drug 
molecule and the colloidal vehicle, respectively, the two diffusion coefficients can be expected to 
differ by ~100-fold, making the bound and free molecules easily distinguishable on the basis of 
the experimentally measured diffusion coefficient.  
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An intermediate scenario is when the drug exhibits both the free and the bound population with 
chemical exchange between them:  
 
 D V D V+ ⋅⋅⋅   (9) 
 
In Eq. (9), D and V denote the drug and the colloidal vehicle, respectively, and ⋅⋅⋅ denotes non-
covalent bonding. Two further cases can be distinguished here. If the exchange time τex is 
significantly shorter than the diffusion time Δ, τex << Δ, then the chemical exchange between the 
two populations of the drug can be considered rapid on the time scale of diffusion NMR. In this 
case, a single diffusion coefficient is observed for the drug molecules. This diffusion coefficient 
equals the weighted-average of the diffusion coefficients of the two individual populations:  
 
 F F B BD p D p D= +   (10) 
 
where pF and pB = 1 − pF are molar fractions of the free and the bound populations of the drug; 
DF and DB are the respective diffusion coefficients of the individual populations. Both DF and DB 
can be measured: DB can be taken as the diffusion coefficients of the loaded colloidal vehicles 
(measured from their respective NMR peaks), and DF can be taken as the diffusion coefficient of 
the free drug in water but corrected for the obstruction factor presented by the micelles [52]. 
Once these are known, the degree of association of the drug with the vehicles, pB, can be 
calculated from the measured weighted-average diffusion coefficient D.  
 
If the exchange time τex is comparable to, or longer than, the diffusion time Δ, τex t Δ, then the 
chemical exchange between the two populations of the drug should be considered slow. In this 
case, the Stejskal−Tanner plot is biexponential and two diffusion coefficients are observed for 
the drug. The terminal slope of the Stejskal−Tanner plot is equal to the "slow" diffusion 
coefficient DB. The initial slope of the Stejskal−Tanner plot is equal to the weighted-average 
diffusion coefficient given by Eq. (10). The free diffusion coefficient DF can be extracted from 
the Stejskal−Tanner plot using the procedure known as exponential peeling [37,48].  
 
To illustrate application of this methodology, we present a case study where examples of both 
rapid and slow chemical exchange are exhibited within the same system: the drug propofol 
solubilised with nonionic micellar surfactants. Propofol is a commonly used anaesthetic of 
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molecular weight 178 g/mol that is very poorly soluble in water (~150 mg/L). In order to 
administer it as an aqueous solution, it has been solubilised traditionally in an emulsion 
(Diprivan®); later, the alternative of using surfactants has been investigated [48,49]. One of the 
surfactants studied, Solutol HS15, is the ester of poly(ethylene glycol)(15) and 12-
hydroxystearate with the molecular weight of 960 g/mol. Commercially available Solutol also 
contains significant amounts of free poly(ethylene oxide) (PEO). In an aqueous solution 
comprising 1% (w/v) propofol and 10% (w/v) Solutol, the following diffusion coefficients were 
observed:  
1) Propofol: a single diffusion coefficient DP = 1.44⋅10−11 m2/s;  
2) Micellar surfactant: a single diffusion coefficient DM = 1.29⋅10−11 m2/s;  
3) PEO: biexponential diffusion with the "slow" diffusion coefficient DEs = 1.25⋅10−11 m2/s and 
"fast" diffusion coefficient DEf = 1.39⋅10−10 m2/s. The relative amplitudes of the two PEO 
populations were 28% (slow) and 72% (fast).  
 
The "slow" PEO diffusion coefficient, DEs, is identical to the micellar diffusion coefficient DM 
within the precision of the measurement (3%). With this in mind, the diffusion coefficients 
observed can be interpreted as follows:  
(1) The presence of two well-resolved PEO diffusion coefficients indicates the presence of two 
PEO populations: PEO associated with the surfactant micelles ("slow" population) and free PEO 
in solution ("fast" population);  
(2) The diffusion coefficient of propofol, DP, is very close to that of the surfactant micelles, DM, 
indicating that propofol was mostly associated with the micelles. However, the difference 
between the two diffusion coefficients is statistically significant and indicates the presence of 
small but measurable extramicellar population of propofol;  
(3) Because propofol exhibits a single D value, the chemical exchange between its micellar and 
extramicellar populations is rapid. In this particular measurement Δ = 8 ms was used; therefore, 
the exchange time τex << 8 ms;  
(4) Based on other NMR data [49], it is known that extramicellar propofol is associated with the 
free PEO;  
(5) From this information, the relative size of the extramicellar population of propofol can be 
estimated:  
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Protein association and protein-ligand binding. The relationship between hydrodynamic radius 
and diffusion coefficient given by the Stokes-Einstein equation [Eq. (3)] has been widely used to 
study protein-protein association, as well as association between proteins and small-molecule 
ligands. Quantification of protein-ligand association is important in the context of drug 
development, which requires identification of small-molecule drugs capable of binding to a 
target protein [46,60,80]. NMR in general is well-suited for high-throughput drug screening and 
structure-based drug design, and diffusion NMR in particular provides a means of rapid 
assessment of the binding affinity of the molecules screened. Diffusion NMR can similarly be 
used to assess the binding of natural biological ligands to protein receptors, which is important 
for fundamental understanding of molecular mechanisms of biological processes. These types of 
measurements tend to utilise much of the methodology applicable to the study of drug delivery 
vehicles. The state of the drug in a drug/protein/water solution can be approximated as a 
combination of two populations, "free" and "bound". The intrinsic diffusion coefficient of the 
drug in the "free" state (DF) is larger than that of the drug bound to the protein (DB). While the 
exact difference between DF and DB is dependent upon the relative size of the drug and the 
protein, it is usually sufficiently large to distinguish between the free and the bound state. 
Chemical exchange between the two populations is almost invariably rapid on the diffusion 
NMR time scale. As a result, the diffusion coefficient measured by NMR is the weighted average 
of the "free" and "bound" states, as shown in Eq. (10). If DB and DF are known, the value of the 
measured D can be used to calculate the molar fraction of the bound drug by solving Eq. (10) for 
pB. By measuring the diffusion coefficient at as series of drug concentrations, the binding (or 
dissociation) constant can be determined [25]. Alternatively, the presence or absence of binding 
can be evaluated in terms of a qualitative "yes/no" answer, as is commonly done in high-
throughput drug screening. Qualitative evaluation can be based on the technique known as 
diffusion editing. In it, a set of two NMR spectra is recorded, one with a low diffusion gradient g 
and another with a high g. The ratio of the intensities of the spectral peaks of the drug in the 
high-g spectrum to the low-g spectrum (S2/S1) is taken as the diffusion attenuation. In accordance 
with Eq. (8), a value of S2/S1 close to 1 implies a small value of D and therefore indicates 
significant binding of the drug to the protein. Conversely, a small value of S2/S1 implies a large D 
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and is indicative of weak or no binding. This approach can be used to screen a mixture of 
compounds in order to identify those that bind to a receptor protein [80].  
 
Diffusion NMR is also a well-established technique for the study of protein aggregation 
[3,20,65]. Neglecting possible changes in the tertiary structure, the volume of a n-mer aggregate 
of identical protein units is approximately the n-multiple of the volume of the monomer, and the 
mean hydrodynamic radius scales approximately as the cubic root of n. Applying Eq. (3), the 
diffusion coefficient of the oligomeric protein can be crudely approximated as  
 
 
3
1
1n
n
D F
D n
=   (12) 
 
where Dn and D1 are the diffusion coefficients of the oligomer and the monomer, respectively, 
and the coefficient Fn accounts for surface effects [83]. Equation (12) predicts aggregation-
induced changes in the diffusion coefficient to be modest: for example, the diffusion coefficient 
of a dimer can be expected to be only ~20% lower than the diffusion coefficient of the monomer. 
This means that a great deal of care is required at the measurement stage in order to ensure that 
the small changes in D are not swamped by systematic or random errors. The analysis is further 
complicated by the fact that the surface of the majority of proteins bears a non-uniformly 
distributed electric charge. Equation (3) is valid for a chemically inert hard sphere and therefore 
inadequate for quantitative analysis of the relationship between the state of aggregation and the 
diffusion coefficient of real proteins. Nevertheless, more sophisticated hydrodynamic models are 
available [95], which can more accurately capture the effects of electric charge and hydration. In 
a landmark diffusion NMR study of lysozyme aggregation [65], lysozyme diffusion coefficient 
was measured in the protein concentration range from 1.5 mM to 10 mM. The effects of pH 
(3−8), temperature (283−308 K) and NaCl concentrations (0−0.5 M) were also investigated. At a 
given temperature, the diffusion coefficient of lysozyme tended to vary by 10-20% across the 
range of the measurement conditions. This variation was sufficient for the measurement of the 
isodesmic equilibrium constant of lysozyme self-association: 120 ± 10 M−1 at pH 4.6, 298 K and 
0.5 M NaCl.  
 
Conformational state of the protein molecule has a significant effect on its hydrodynamic radius, 
and diffusion NMR has been used to probe protein folding [20,96]. Smith and co-workers [96] 
used diffusion NMR and dynamic light scattering to examine the hydrodynamic radii of 14 
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proteins and protein fragments in their folded and denatured states. The number of amino acid 
residues in the molecules studied ranged from 16 to 247. They found power-law empirical 
relationships between the hydrodynamic radius (Rh) and the number of amino acid residues (N) 
for both conformational states: Rh (Å) = 4.75⋅N0.29 for folded proteins and 2.21⋅N0.57 for highly 
denatured proteins. The corresponding log-log plots were surprisingly linear across the range of 
the proteins studied. The difference between the native and the folded state was particularly 
significant for the larger proteins within the group studied: for example, the hydrodynamic radius 
of denatured hen lysozyme (N = 129) was ~70% larger than in the folded state, while for BPTI 
(N = 58) this difference was closer to 40%.  
 
One of the technical challenges arising in diffusion NMR of proteins is the presence of a large 
water peak, which can degrade the quality of NMR spectra due to the limited dynamic range of 
NMR probes [27]. The problem can be alleviated through the use of deuterated water (D2O) 
instead of H2O; however, even residual amounts of H2O can remain problematic when dealing 
with mM-range protein concentrations. Further reduction of the water peak intensity can be 
achieved through diffusion editing. The diffusion coefficient of water is at least 1 order of 
magnitude greater than that of medium-sized proteins, and the use of diffusion gradients with tq2 
~ 3⋅109 s/m2 results in a near-complete attenuation of the water peak while the protein peak still 
remains. However, this approach is not ideal because it limits the range of q values effectively 
available for the diffusion measurement. An efficient way of dealing with the water peak is the 
use of water-suppressing diffusion NMR pulse sequences [52,98]. Such pulse sequences 
selectively saturate the water magnetisation while leaving the magnetisation of other protons 
unperturbed. Water suppression can be accomplished either concurrently with the diffusion 
encoding [50,51,66], or it can be performed as a separate magnetisation preparation block 
preceding the diffusion pulse sequence [74]. The use of water suppression can be of significant 
benefit in NMR measurements of protein diffusion by providing cleaner spectra and allowing the 
Stejskal−Tanner plots to extend into the low values of q. The results shown in Fig. 5 were 
obtained CONVEX, a double-echo experiment that uses simultaneous water suppression and 
diffusion encoding [50]. The water suppression it provided was sufficiently robust to measure 
the diffusion coefficient of a 2200 Da peptide at a 0.54 mM concentration in non-deuterated PBS 
[52].  
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Characterisation of cell morphology. Cellular biological tissues have a well-defined 
intracellular and an extracellular compartment. Typically there is a facile exchange of water 
between the two compartments. This exchange can be due to a combination of unassisted and 
transporter-assisted diffusion across the cell membrane. For example, in the metabolically 
normal human red blood cell (RBC) approximately half of water exchange is due to unassisted 
diffusion of water across the semipermeable membrane, and the remainder is mediated by 
aquaporins − integral membrane proteins forming water transport channels [2,12]. The typical 
water exchange time in a metabolically normal human RBC is ~10 ms. This time is comparable 
to the diffusion time utilised in a typical NMR diffusion measurement (Δ = 5 − 20 ms). 
Therefore, transmembrane exchange of water in such systems can be characterised as 
intermediate on the time scale of diffusion NMR measurements. This makes it possible to 
partially resolve diffusion in the two compartments, similar to being able to resolve the diffusion 
of “free” and “bound” drug molecules in drug delivery systems when chemical exchange is slow 
or intermediate (see above).  
 
Furthermore, the dimensions of many cells are comparable to the RMS diffusion displacement of 
water molecules on the diffusion NMR time scale. Using Eq. (1) and assuming D = 2⋅10−9 m2/s 
and Δ = 10 ms, the RMS diffusion displacement of water during the diffusion-encoding period 
can be estimated as Δx ≈ 6 μm. For comparison, the diameter of a discocyte human RBC is ≈8 
μm [13]. This means that intracellular diffusion of water is obstructed by the cell membrane on 
the time scale of the NMR diffusion measurement, which affects the apparent diffusion 
coefficient [82].  
 
The combination of these two factors, non-rapid chemical exchange and obstructed diffusion, 
enables the morphology of cells to be interrogated by diffusion NMR. In the presence of 
obstructions, diffusion attenuation of the NMR signal no longer has the simple form given by Eq. 
(8). Instead of a monotonic attenuation with the increasing q, the NMR signal now depends on q 
in a complicated way and exhibits maxima and minima. The locations of the minima of the 
signal coincide with the dimensions of the cells. This phenomenon is known as diffusion 
diffraction, and its experimental evidence was first reported in 1991 [16]. The name “diffusion 
diffraction” was crafted by the discoverer of the phenomenon, Paul Callaghan. It reflects formal 
similarity between the mathematics of NMR signal attenuation in the presence of restricted 
diffusion and the theory of X-ray scattering in X-ray crystallography, where the scattered signal 
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also exhibits maxima and minima whose locations are related to the geometry of the crystalline 
lattice [15,16].  
 
Figure 6 shows an example of experimentally measured diffusion-diffraction plot in a suspension 
of human red blood cells [87]. The hematocrit of the suspension (the volume fraction occupied 
by the cells) is 0.3, corresponding to a medium packing density. The plot exhibits two minima of 
the diffusion-attenuated signal (qmin1 and qmin2) as well as a shoulder at qmax1. The locations of the 
minima are determined by intracellular diffusion-diffraction: the inverse of the first minimum, 
1/qmin1, corresponds to the mean diameter of the cells (≈6 μm). The second-order minimum 
occurs at double the value of qmin1. The shoulder corresponds to "pore-hopping" − extracellular 
diffusion-diffraction whereby the water molecules diffuse between pockets of extracellular fluid 
loosely bounded by neighbouring cells. The inverse of qmax1, 1/qmax1 ≈ 8 μm, corresponds to the 
characteristic distance between extracellular pockets.  
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DIFFUSION TENSOR IMAGING  
 
Due to its random nature, diffusion in the free solution is non-directional. This means that the 
diffusing molecules are equally likely to move in any given direction. However, random 
diffusional motion can acquire directionality under certain conditions. As seen in the section 
"Characterisation of cell morphology", the presence of obstructions such as cell walls can affect 
the motion of molecules and therefore the apparent diffusion coefficient. When the obstructions 
have a preferred direction of alignment, molecular diffusion in different directions becomes 
obstructed to different degrees. This is illustrated in Fig. 7 using the example of diffusion within 
a network of aligned fibres. The Figure shows simulated random walks of 40 different 
molecules. The molecules are free to diffuse anywhere within the aqueous domain, which 
occupies the space between the fibres, but are unable to diffuse into or through the fibres 
themselves. As seen from the Figure, the diffusion is more facile in the direction of the fibres 
because the diffusing molecules encounter no obstructions in that direction. On the other hand, 
the fibres obstruct diffusion in the directions perpendicular to the fibres, resulting in a smaller 
RMS displacement (and therefore smaller apparent diffusion coefficient) in those directions. 
This scenario is known as anisotropic diffusion. The term "anisotropic" refers to the fact that the 
apparent diffusion coefficient in aligned media becomes direction-dependent.   
 
Anisotropic diffusion can be characterised using a diffusion tensor, which encapsulates the 
directional dependence of the apparent diffusivity. The diffusion tensor can be represented by an 
ellipsoid which is elongated in the direction(s) of the more facile diffusion and "squashed" in the 
direction(s) of the more obstructed diffusion. The diffusion ellipsoid for the aligned fibre 
network is shown in Fig. 8. It has one "long" axis, corresponding to the more facile diffusion in 
the direction parallel to the fibres, and two equivalent "short" axes, corresponding to the more 
obstructed diffusion in the transverse directions. The direction of the "long" axis corresponds to 
the direction of alignment of the fibres. The diffusion ellipsoid, and the diffusion tensor, thus 
capture the spatial alignment of the obstructions.  
 
The diffusion tensor can be measured experimentally using the pulsed field gradient spin-echo 
experiment; the recipe for this was reported in 1994 by Peter Basser and co-workers [8]. In order 
to capture the anisotropy of diffusion in aligned environments, the PGSE measurement must be 
performed several times. Every individual measurement is performed with a different direction 
of the diffusion-sensitising magnetic field gradient, and the diffusive attenuation of the NMR 
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signal corresponding to each direction is measured. The directions used should be mutually 
independent, i.e. no two directions identical. Due to the mathematical properties of the diffusion 
tensor, the minimal number of directions required to sample the tensor is 6. Older diffusion-
tensor measurements tended to use the minimal sampling scheme consisting of the directions x, 
y, z, xy (i.e. half-way between the x and y axes), xz and yz. However, a greater number of 
directions can (and often should) be used [33]. The use of a greater number of sampling 
directions has a number of advantages, most notably the ability to estimate the variance of the 
diffusion tensor measured; minimisation of the effects of noise inevitably present in a MRI 
measurement; and the ability to resolve multimodal fibre orientation distributions, which is 
crucial in brain imaging. A discussion of the relative advantages of different sampling schemes 
can be found in the literature [11,34,54,59].  
 
After the spin-echo intensities corresponding to different gradient directions have been 
measured, the diffusion tensor is reconstructed using a least-squares fitting (LSF) procedure 
[8,54]. The output of the DT reconstruction includes three eigenvectors, which correspond to the 
directions of the principal axes of the diffusion ellipsoid, and three eigenvalues, which 
characterise the diffusivities in the directions of the principal axes. Another metric frequently 
used is the fractional anisotropy (FA) of the diffusion tensor, which characterises the degree of 
spatial alignment of the obstructing structures. For a prolate diffusion tensor (D1 > D2 ≈ D3), the 
fractional anisotropy is defined as  
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where D1, D2 and D3 are the eigenvalues of the DT. A similar definition of FA is available for an 
oblate diffusion tensor (D1 ≈ D2 > D3). The value of FA can range between 1 (tightly spaced, 
identically aligned obstructions) and 0 (obstructions that either lack a spatial pattern of alignment 
or are too far apart to affect diffusion). FA is useful as a morphological metric of the tissue 
because it encapsulates the degree of alignment order in a single numerical value.  
 
Diffusion-tensor imaging. NMR diffusion measurement is based on the spin-echo experiment 
shown in Fig. 4. Spin-echo is also the basis for another type of MR experiment, Magnetic 
Resonance Imaging (MRI). Because of this synergy, the measurement of the diffusion tensor can 
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be naturally combined with a Magnetic Resonance Imaging (MRI) measurement. The result is 
known as diffusion-tensor imaging (DTI).  
 
In MRI in general, a 2D or a 3D image of the sample is acquired. This image is represented as an 
array of equal, rectangular volume elements (voxels); the "brightness" of each voxel in the image 
is proportional to the MR signal intensity within the corresponding region of the sample. The 
signal can be modulated in a variety of ways by using the appropriate modification of the basic 
spin-echo MRI pulse sequence. Signal intensity in a given voxel can be determined, e.g., by the 
amount of water within the voxel (spin-density MR imaging). Alternatively, it can be determined 
by the rate at which the longitudinal or transverse magnetisation returns to the equilibrium state 
(T1-weighted and T2-weighted imaging, respectively). The latter two modalities are especially 
useful in clinical MRI because they enable modulation of the contrast between different tissues 
via the selection of the appropriate temporal parameters in the MRI pulse sequence.  
 
In DTI, the signal intensity in the image is determined by the diffusive attenuation of the signal 
in a given voxel. This is frequently achieved by inserting a pair of diffusion gradients (see Fig. 4) 
into the echo-time period of the MRI pulse sequence. In this case, the pulse sequence 
concurrently manipulates the magnetisation for the imaging and prepares a diffusion-sensitive 
magnetisation helix. Alternatively, the diffusion weighting can take place in a separate spin-echo 
period that precedes the imaging pulse sequence per se. The resulting image is known as a 
diffusion-weighted image. A reference image is also acquired; its imaging parameters are 
identical to those used for the diffusion-weighted image, except for the absence of diffusion 
gradients. The signal intensity in every voxel of the diffusion-weighted image is attenuated by 
the diffusion attenuation factor compared to the corresponding reference signal intensity. The 
diffusion attenuation factor, Exp(−D′tq2), has a similar meaning to the diffusion attenuation 
factor appearing in Eq. (8), but the apparent diffusivity D′ is voxel-specific and dependent upon 
the direction of the diffusion gradient used. By acquiring a reference image and at least six 
diffusion-weighted images with different diffusion gradient directions, the diffusion tensor in 
every voxel of the image can be reconstructed. The reconstructed diffusion-tensor image can be 
represented as a voxel-by-voxel map of one or more of the following parameters: (1) direction of 
the principal eigenvector; (2) direction of secondary eigenvectors; (3) principal eigenvalue 
(maximum diffusivity); (4) mean eigenvalue (mean diffusivity); or (5) fractional anisotropy. 
Each of these parameters can provide different and complementary information about the 
microscopic organisation of the tissue imaged.  
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APPLICATIONS OF DIFFUSION TENSOR IMAGING  
 
Diffusion-tensor imaging (DTI) has been utilised for the imaging of a wide range of tissues that 
exhibit a degree of spatial alignment. This can be either the alignment of tissue cells (e.g. muscle 
or white matter in the brain) or collagen fibres in the extracellular matrix (e.g. articular cartilage, 
tendon and ligaments). DTI probes the diffusion of water molecules that is anisotropically 
restricted by the fibres or cell walls, providing information about the 3D architecture of the 
tissue. In this section we provide a brief overview of selected biomedical applications of DTI.  
 
Brain imaging. Brain imaging is perhaps the most widely known application of diffusion MRI. 
It has revolutionised neuroscience by providing the basis for neural fibre tractography, which 
enables researchers to generate detailed three-dimensional maps of neural connections within the 
living human brain. An example of such a map is shown in Fig. 9 [72]. The structural basis of 
neural fibre tractography is the anisotropy of the diffusion of water in white matter. Myelinated 
axons within the white matter are arranged into large bundles, and these bundles form neural 
fibre tracts transmitting signals between different regions of the brain. Myelin sheaths of the 
axons restrict the diffusion of both intracellular and extracellular water. This restriction is 
direction-specific: the diffusion along the length of the axons is restricted to a lesser extent than 
perpendicular to the axons. As a result, the diffusion tensor of water in the white matter is 
anisotropic, with the principal eigenvector of the tensor corresponding to the direction of the 
axons. The first experimental MRI measurements of this anisotropy were published in the early 
1990s [23,58]. These early works demonstrated directionality of the diffusion of water in white 
matter, but have not yet developed the mathematically rigorous diffusion-tensor analysis 
required for the efficient reconstruction of 3D fibre tract maps. (However, the authors of both 
papers did propose the use of a diffusion-tensor formalism as an efficient mathematical 
framework to describe diffusion anisotropy). A general and rigorous recipe for the sampling and 
reconstruction of the diffusion tensor in MR images was presented a few years later by Basser 
and co-workers [9]. DTI tractography − reconstruction of the 3D map of neural pathways − was 
shaped into its modern form in the late 1990s [10,17,56]. DTI of the brain at the 2-5 mm digital 
resolution is currently routine in clinical practice, and high-resolution images of ex vivo samples 
(~125-250 μm isotropic voxel size) are becoming available [1].   
 
One of the difficulties of fibre tractography in the brain is that more than one fibre tract may pass 
through the volume of a given image voxel. This scenario is particularly likely when 
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macroscopic voxels (several mm in size) are used. If two fibre tracts within a voxel run in 
different directions, their obstruction effects are superimposed in the DTI signal recorded in that 
voxel. Traditional diffusion-tensor analysis is incapable of resolving fibres intersecting at an 
oblique angle; instead it produces a diffusion tensor with the principal eigenvector whose 
orientation is the average of the two fibres. This is known in neural tractography as the crossing-
fibre problem. An efficient solution to this problem requires the use of a different mathematical 
paradigm for data processing. Instead of describing the orientational dependence of diffusion by 
a tensor, the apparent diffusivity is described as a multidirectional combination of diffusion 
modes [91]. In effect, each mode serves as a basis function representing either a single diffusion 
direction or a set of diffusion directions that intersect at certain angles. The multidirectional 
processing paradigm forms the basis of the next-generation diffusion tractography techniques, 
such as spherical deconvolution [89], Q-Ball [94] or High Angular Resolution Diffusion Imaging 
(HARDI) [93]. These techniques circumvent the inherent limitations of the diffusion-tensor 
paradigm and enable the resolution of intersecting fibres without prior assumptions concerning 
the number of fibres involved. In principle, fibres intersecting at arbitrary angles can be resolved, 
provided that the angular resolution of the diffusion data is sufficiently high [90]. 
Multidirectional processing of diffusion imaging data works best when a very high number of 
directions are used to sample diffusion: a typical dataset includes 50-100 directions, and up to 
several hundred diffusion directions may be used for high angular-resolution datasets [39].  
 
Cardiac diffusion tensor imaging. Human myocardiocytes − the cells that make up the heart 
muscle in the myocardium − are 10-25 μm in diameter and ~100 μm long. Due to their elongated 
geometry, water diffusion in and around these cells exhibits anisotropy, similar to the anisotropy 
of water diffusion in the white matter of the brain. Diffusion tensor imaging can reveal the 3D 
architecture of the heart muscle [28,68,73] and can therefore serve as a valuable tool for medical 
diagnosis [81] as well as research of the heart biomechanics [5,36,92] and heart development 
[45]. The dimensions of myocardiocytes are significantly smaller than the typical voxel size 
employed in routine DTI; therefore, individual cells or even individual muscle fibres are not 
resolved. Instead, the diffusion tensor characterises the collective predominant orientation of the 
fibres within a given voxel. (While the term “fibre tractography” is routinely used in connection 
with DTI of the heart muscle [77], its meaning is different from the true tractography of the brain 
DTI.) Because resolution of individual fibres is not the aim of the analysis, the crossing-fibre 
problem does not arise, and the diffusion tensor provides an adequate paradigm for the 
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description of diffusion anisotropy in the heart. This considerably simplifies the mathematical 
analysis of experimental diffusion data, compared with DTI of white matter.  
 
However, in vivo imaging of the heart presents an equally significant challenge from the 
experimental point of view. A beating heart is in the state of continuous and rapid motion, which 
renders traditional MRI techniques too slow to capture anything but the blurred average image. 
In order to measure the architecture of the heart tissue, two requirements must be met: (1) MR 
images must be acquired on a time scale faster than the period of one beat; and (2) if signal 
averaging is required, sequential images must be acquired at the same phase of the heart 
contraction cycle. The first requirement is satisfied through the use of an ultrafast MRI technique  
known as Echo Planar Imaging (EPI) [41,42], which enables acquisition of MR images in a 
fraction of a second (~100 ms). The second requirement is satisfied through the use of 
electrocardiogram (ECG) gating to trigger MRI acquisition. Diffusion imaging presents a further 
challenge. Diffusion attenuation of the MRI signal is determined by the diffusive displacements 
of water molecules during the diffusion period Δ. But diffusive motion of the molecules is 
superimposed on the contractile motion of the heart itself. The effect of the latter on the signal 
attenuation must be eliminated in order to avoid bias in the measurement of the diffusion tensor. 
An elegant solution to this problem was demonstrated by Wedeen and co-workers [22]. They 
used gradient echo for diffusion encoding: i.e., the diffusion-sensitive helix was wound and 
almost immediately unwound by a pair of identical gradient pulses of opposite polarity (known 
as a bipolar gradient pulse). As there was no refocusing RF pulse between the gradient pulses, 
they were able to be separated by less than 30 ms. This ensured that the time during which the 
magnetisation was sensitive to motion was limited to a single phase of the cardiac cycle. To 
achieve comprehensive motion and flow compensation, two bipolar gradient pulses were used in 
conjunction with a stimulated echo pulse sequence (STE). The first and the third 90o RF pulses 
of the STE sequence were ECG-triggered in order to ensure that both diffusion-encoding bipolar 
gradient pulses were applied at the same phase of the cardiac cycle. Finally, EPI was used for 
ultrafast image acquisition. This protocol enabled the measurement of the diffusion tensor that 
was insensitive to myocardial deformation and described the state of the myocardium at a single 
point of the cardiac cycle with the spatial resolution 4 x 4 x 12 mm (in vivo).    
 
It should be noted that the problem of motion is also present in DTI of the living brain. Because 
of the pulsatile nature of cerebral blood flow, the brain itself undergoes pulsatile motion, albeit 
on a smaller relative scale than a beating heart. ECG triggering of the DTI pulse sequence, as 
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well as motion compensation techniques, can be beneficial for the acquisition of motion-free 
diffusion tensor images of the brain in vivo [40].  
 
Avascular tissues. DTI has been a highly valuable tool for microstructural imaging (primarily in 
vitro) of articular cartilage [54,55] and the eye lens [47]. In articular cartilage (AC), the direction 
of the principal eigenvector of the diffusion tensor corresponds to the predominant direction of 
collagen fibre alignment [26,43]. DTI methodology for the measurement of collagen fibre 
alignment has been validated using the zonal patterns observed in T2-weighted images, as well as 
polarised light microscopy [18] and has become standard in microstructural imaging of AC [67]. 
Besides the imaging of native cartilage, DTI has been used to study in vitro models of enzymatic 
cartilage degradation [21] as well as tissue-engineered cartilage constructs. Work is currently 
underway to develop interpretive models to relate the experimentally measured diffusion tensor 
in AC to the degree of collagen alignment and the volume fractions of tissue biopolymers 
(collagen and proteoglycans) [53,64,88]. Such models are intended, in conjunction with other 
MRI modalities such as T2 mapping, to enable a comprehensive 3D morphological mapping of 
the tissue scaffold and composition. 
 
DTI has also brought significant advances to understanding of cartilage biomechanics at the 
macromolecular level. It has been utilised for comparative mapping of the patterns of collagen 
fibre alignment in compressed and uncompressed AC samples [19,67]. Pierce et al employed 
viscoelastic finite-element simulations combined with experimental DTI measurements in vitro 
to evaluate the fibre-structural and the viscous input into load carriage on a sample-specific basis 
[61,62]. It is envisaged that this approach can be applied to “sample-specific tracking of the fibre 
fabric deformation under general loading”. Such a development would pave the way for the 
design of customised scaffolds for regenerative therapy of the joint. The first in vivo applications 
of cartilage DTI are also becoming available [7]. DTI has the potential to deliver significant 
macromolecular-level insights into biomechanical mechanisms of load carriage in AC.  
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CONCLUSION  
 
Molecular diffusion is a fundamental physical phenomenon that is ubiquitous in biological 
systems. Nuclear magnetic resonance (NMR) exploits the inherent magnetism of atomic nuclei 
and enables diffusion to be measured without the need to introduce artificial motion-sensitive 
tracers. Magnetic resonance diffusion measurements have found use across a wide spectrum of 
biomedical applications. Diffusion NMR spectroscopy is an important tool for characterisation 
of molecular association and binding. Its biomedical applications include pharmaceutical 
sciences, structural molecular biology and physiology. Diffusion MR imaging has greatly 
advanced our understanding of the human brain by making possible in vivo neural fibre 
tractography. Diffusion-tensor MRI is also an invaluable tool for microstructural imaging of 
tissues that exhibit a degree of alignment, such as heart muscle, articular cartilage of the eye lens. 
The capacity of diffusion magnetic resonance for non-invasive, non-destructive characterisation 
of biological systems opens the possibility of many new biomedical applications in the future.  
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Figure Captions  
 
 
 
Fig. 1  Illustration of a two-dimensional random walk. The five diffusing particles follow 
random, independent trajectories consisting of 20 steps each. The initial and the final positions of 
the particles are marked with the hollow and solid circles, respectively.  
 
 
 
 
 
 
Fig. 2  Diffusion leads to a non-directional spread of molecules from their original positions. The 
magnitude of the spread grows proportionally to t , as shown in Eqs. (1) and (2).   
 
 
 
 
 
 
 
Fig. 3  Precession of nuclear magnetic moments in the presence of a magnetic field gradient. The 
clockwise circular arrows in the top left and top right corners mark the direction of the spins' 
precession. The precession frequency varies in the direction of the gradient: in the present case, 
the spins on the right precess faster than the spins on the left. This variation leads to the 
establishment of the diffusion-sensitive magnetisation helix shown in Fig. 4.  
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Fig. 4  The PGSE diffusion experiment. The NMR pulse sequence is shown at the bottom, and 
the state of magnetisation vectors within the sample is illustrated in the top half. The solid 
rectangles in the pulse sequence are RF pulses; the hatched rectangles are gradient pulses. The 
90o RF pulse converts the equilibrium longitudinal magnetisation into a uniform comb of 
transverse magnetisation. The first gradient pulse imposes a spatial variation of the precession 
frequency for the time δ, winding the comb into a helix of the pitch 2π/γgδ and thus sensitising 
the magnetisation to diffusion. Diffusion during the interval Δ mixes the magnetisation of 
different phases, causing attenuation of the amplitude of the helix but preserving its pitch. The 
180o RF pulse and the second gradient pulse refocus the attenuated helix into a uniform (but 
attenuated) comb; the amplitude of this comb is the amplitude of the measured signal. The 
interval TE is known as the echo time. The experiment is repeated multiple times with varying 
values of gradient amplitude g, producing the Stejskal-Tanner plot. The diffusive attenuation of 
the signal is given by Eq. (8).  
 
 
 
Fig. 5  Typical results of a NMR diffusion measurement. The sample was penetratin, a 16-
residue peptide of molecular weight 2247.8 g/mol [52]. It is known as a "cell-penetrating 
peptide" due to its ability to cross lipid bilayer membranes. Measurement conditions: 6 mM 
peptide in 293 mOsm PBS, pH 7.18, 23 oC. The left panel is the Stejskal−Tanner plot displaying 
both the experimental data points and the linear regression. The right panel shows a subset of 6 
(out of 32) diffusion NMR spectra in the order of increasing gradient amplitude. Diffusion 
attenuation of the NMR spectra is clearly evident. The measurement was performed using a 
water-suppressing diffusion experiment CONVEX [50] in order to avoid interference from the 
much larger water peak (chemical shift 4.8 ppm; not shown). The measured diffusion coefficient, 
taken as the negative slope of the Stejskal−Tanner plot, is (1.99 ± 0.02)⋅10−10 m2/s. This 
measurement was one of a set where concentration dependence of the penetratin diffusion 
coefficient was measured in order to establish the presence or absence of self-aggregation. The 
diffusion coefficient decreased with the increasing concentration. However, the diffusion 
coefficient corrected for the molecular obstruction effect was identical at all concentrations, 
indicating the absence of self-aggregation under the conditions studied.  
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Fig. 6  Diffusion diffraction plot of a suspension of human red blood cells (hematocrit 0.3). The 
first minimum of the signal, qmin1, corresponds to the inverse mean diameter on the intracellular 
compartment. The shoulder at qmax1 is due to extracellular diffusion diffraction (see text). The 
second minimum (qmin2) is the second-order intracellular diffusion-diffraction peak. Reproduced 
by permission from reference [87].  
 
 
 
 
 
 
Fig. 7  Diffusion anisotropy in aligned media. The dark cylinders represent collagen fibres in a 
model of the extracellular matrix of articular cartilage. The bright coloured lines are the 
simulated random-walk trajectories of diffusing water molecules. The molecules start in the 
centre of the simulation volume and spread around as the simulation progresses. The two panels 
show two different views of the same simulation in order to illustrate the anisotropic nature of 
the obstructed random walk. Comparison of the two views shows that the RMS displacement in 
the direction of the fibres is marginally greater than in the perpendicular direction, corresponding 
to an anisotropic diffusion tensor. The fractional anisotropy of the simulated tensor (~10%) is 
indicative of the FA experimentally observed in the deep zone of articular cartilage.  
 
 
 
 
 
 
Fig. 8  Diffusion ellipsoid representing the diffusion anisotropy of the system shown in Fig. 7. 
The spatial orientation of the ellipsoid corresponds to the principal directions of the obstructions 
(collagen fibres). The length of the principal axes of the ellipsoid corresponds to the respective 
apparent diffusivities. The ratio of the long axis to the short axes has been greatly exaggerated in 
order to emphasise the anisotropy. The dashed lines radiating from the centre represent one of 
many possible choices of DTI diffusion sampling directions.  
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Fig. 9  Neural fibre tract map of the human brain reconstructed from an MRI diffusion image. 
The colour encodes the direction of the tracts: red, Left−Right; blue, Top−Bottom; and green, 
Anterior−Posterior. Reproduced by permission of Dr Thomas Schultz.  
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